Exhumation of the southern Tibetan plateau margin reflects interplay between surface and lithospheric dynamics within the Himalaya-Tibet orogen. We report thermochronometric data from a 1.2-km elevation transect within granitoids of the eastern Lhasa terrane, southern Tibet, which indicate rapid exhumation exceeding 1 km/Ma from 17-16 to 12-11 Ma followed by very slow exhumation to the present. We hypothesize that these changes in exhumation occurred in response to changes in the loci and rate of rock uplift and the resulting southward shift of the main topographic and drainage divides from within the Lhasa terrane to their current positions within the Himalaya. At ∼17 Ma, steep erosive drainage networks would have flowed across the Himalaya and greater amounts of moisture would have advected into the Lhasa terrane to drive large-scale erosional exhumation. As convergence thickened and widened the Himalaya, the orographic barrier to precipitation in southern Tibet terrane would have strengthened. Previously documented midcrustal duplexing around 10 Ma generated a zone of high rock uplift within the Himalaya. We use numerical simulations as a conceptual tool to highlight how a zone of high rock uplift could have defeated transverse drainage networks, resulting in substantial drainage reorganization. When combined with a strengthening orographic barrier to precipitation, this drainage reorganization would have driven the sharp reduction in exhumation rate we observe in southern Tibet.
Exhumation of the southern Tibetan plateau margin reflects interplay between surface and lithospheric dynamics within the Himalaya-Tibet orogen. We report thermochronometric data from a 1.2-km elevation transect within granitoids of the eastern Lhasa terrane, southern Tibet, which indicate rapid exhumation exceeding 1 km/Ma from 17-16 to 12-11 Ma followed by very slow exhumation to the present. We hypothesize that these changes in exhumation occurred in response to changes in the loci and rate of rock uplift and the resulting southward shift of the main topographic and drainage divides from within the Lhasa terrane to their current positions within the Himalaya. At ∼17 Ma, steep erosive drainage networks would have flowed across the Himalaya and greater amounts of moisture would have advected into the Lhasa terrane to drive large-scale erosional exhumation. As convergence thickened and widened the Himalaya, the orographic barrier to precipitation in southern Tibet terrane would have strengthened. Previously documented midcrustal duplexing around 10 Ma generated a zone of high rock uplift within the Himalaya. We use numerical simulations as a conceptual tool to highlight how a zone of high rock uplift could have defeated transverse drainage networks, resulting in substantial drainage reorganization. When combined with a strengthening orographic barrier to precipitation, this drainage reorganization would have driven the sharp reduction in exhumation rate we observe in southern Tibet.
Tibet-Himalaya | thermochronometry | landscape evolution T he Himalaya-Tibet orogenic system, formed by collision between India and Asia beginning ca. 50 Ma, is the most salient topographic feature on Earth and is considered the archetype for understanding continental collision. Geophysical and geologic research has illuminated the modern structure and dynamics of the orogen (1) . Nonetheless, how the relatively low relief and high elevation Tibetan plateau grew spatially and temporally and what underlying mechanism(s) drove the patterns of plateau growth remain outstanding questions.
In the internally drained central Tibetan plateau, evidence from carbonate stable isotopes suggest that high elevations persisted since at least 25-35 Ma (2, 3) . Sustained high elevations since shortly after collision commenced have also been used to explain low long-term erosion rates in the internally drained plateau interior (4) (5) (6) . In contrast to the central plateau, the externally drained Tibetan plateau margins serve as the headwaters for many major river systems in Asia. Because externally drained rivers provide an erosive mechanism to destroy uplifted terrane, understanding why these rivers have not incised further and more deeply into the Tibetan plateau is essential to decipher how the plateau grew. Recent research in the eastern (7, 8) and northern (9) Tibetan plateau indicates that erosion rates have increased significantly since ∼10 Ma. These increases suggest that rock uplift rates have also increased and that the plateau has expanded to the east and north during this time [due to lower crustal flow (7) or upper crustal extrusion (8) to the east and structural reorganization to the north (9) ], causing rivers to steepen and erode at faster rates.
The history of the southern Tibetan plateau margin, on the other hand, is less well understood. The southern Tibetan plateau is presently drained by the Yarlung and Indus Rivers, which each flow parallel to the Himalayan range for more than 1,000 km before descending from the plateau at the Himalayan syntaxes. Evidence from fossils and carbonate stable isotopes suggest that high elevations in the southern Tibetan plateau persisted since at least 15 Ma (10, 11) and potentially even before collision began (12) . Additionally, sediments from the Himalayan foreland, Bengal, and Central Myanmar basins require external drainage of the southern Tibetan plateau since at least 14 Ma and potentially as early as 40 Ma (13) (14) (15) . High elevations and external drainage since at least Middle Miocene time indicate that rock uplift rates in the southern Tibetan plateau may have kept up with the pace of river incision for tens of millions of years. However, cosmogenic nuclide concentrations indicate low erosion rates (typically <10 2 m/Ma) in both the Indus and Yarlung drainages over the last several hundred thousand years (16, 17) .
No data yet exist to test whether these slow erosion rates persisted over longer 10 6 -to 10 7 -y timescales. Therefore, it is uncertain how high elevations in the southern plateau have been sustained: are long-term rock uplift and erosion rates both high or have slow erosion rates persisted despite external drainage by some other mechanism?
Here, we examine the exhumation history of the eastern part of the Tibetan plateau's southern margin using thermochronometry,
Significance
The Himalaya-Tibet plateau system formed by collision between India and Asia that began ca. 50 Ma and is still ongoing today. Despite being the most studied example of continentcontinent collision, the evolution of topography in the Himalaya and Tibetan plateau remains an area of vigorous debate and active research. We present geochemical data on the cooling history of granites from the southern Tibetan plateau, which indicate that exhumation of these granites and therefore erosion rates in this region decreased significantly by ∼10 Ma after ∼5 Ma of rapid erosion. We hypothesize that this change in erosion rate reflects a tectonically imposed shift of the topographic and drainage divides south to their current positions within the Himalaya.
a technique in which thermal histories of rocks are constrained by the evolution of geochemical systems sensitive to temperatures within Earth's upper crust. We present apatite 4 He/ 3 He, apatite and zircon (U-Th)/He, and biotite and K-feldspar 40 Ar/ 39 Ar thermochronometry data from granitic bedrock samples of the CretaceousCenozoic Gangdese batholith in the eastern Lhasa terrane, southern Tibet. Samples were collected along a 1.2-km elevation transect near the eastern headwaters of the Lhasa River, a major tributary of the Yarlung River ( Fig. 1 and SI Appendix, Table S1 ). This approach is advantageous for several reasons. First, by using a suite of thermochronometric systems sensitive to temperatures ranging from ∼30°C to 350°C, we can identify changes in exhumation rate over a longer duration than would be possible with any subset of them. Second, sampling along an elevation transect leverages the fact that rocks at different elevations within a pluton share a similar exhumation history but have different cooling histories. Resolvable differences in the cooling histories between rocks at different elevations can more tightly constrain the overall exhumation history than the cooling history of a single elevation sample. Third, to avoid the effects of local-scale tectonic exhumation, we collected samples in a location that is not in the footwall of one of the north-south trending rift systems in southern Tibet. Therefore, the data primarily record temporal trends in erosional exhumation of the region. With data from this sampling scheme, we use 3D thermokinematic models to constrain the timing of both large-scale unroofing of the Gangdese batholith and local, kilometer-scale relief development due to river incision. From these data and thermokinematic models, we develop a hypothesis for landscape evolution within the southern Tibetan plateau that we illustrate schematically using a simple numerical model.
Thermochronometry
The thermochronometric data from the elevation transect and thermokinematic models are summarized in Figs. 2 and 3. Apatite (U-Th)/He and 4 He/ 3 He thermochronometry are sensitive to temperatures <100°C and therefore reflect the thermal histories of rocks within the uppermost few kilometers beneath Earth's surface. Apatite (U-Th)/He ages from the sampling transect are relatively invariant with elevation, clustering between 16 and 11 Ma (Fig. 3A and SI Appendix, Table S5 ). Apatite 4 He/ 3 He thermochronometry provides information about both the (U-Th)/He age and radiogenic 4 He distribution of an apatite crystal (18) ; together these observations constrain the most recent cooling history of each sample between 80°C and ∼30°C (for greater detail, see SI Appendix). Apatite 4 He/ 3 He data from five of the six transect samples ( Fig. 2 and SI Appendix, Figure S1 ) are consistent with rapid cooling to near surface temperatures by 12-11 Ma (Fig. 2 F-J) . 4 He/ 3 He release spectra of apatite crystals from the lowest elevation transect sample, MZ07, indicated significant zonation of the parent nuclides U and Th, which was confirmed by laser ablation U-Th mapping (SI Appendix, Fig. S2 ). The 4 He/ 3 He release spectra and U-Th maps for this sample are qualitatively consistent with rapid cooling to surface temperatures in the Middle Miocene as well.
The zircon (U-Th)/He and 40 Ar/ 39 Ar systems are sensitive to higher temperatures than the apatite (U-Th)/He system, providing information about rock thermal histories at deeper crustal levels. Unlike the apatite (U-Th)/He ages, which are relatively invariant with elevation and cluster in the Middle Miocene, zircon (U-Th)/He ages exhibit significant variation with elevation. The highest elevation sample MZ12 has a mean zircon (U-Th)/He age of 40.9 ± 3.5 Ma, whereas the lowest elevation sample MZ07 has a mean zircon (U-Th)/He age of 13.4 ± 1.9 Ma, which is indistinguishable from its apatite (U-Th)/He age ( Fig. 3A and SI Appendix, Table S6 ). K-feldspar 40 Ar/ 39 Ar age spectra contain excess 40 Ar but portions are interpretable using the multidomain diffusion model (SI Appendix, Fig. S3 ) (19) ; overall the spectra are consistent with the pattern seen in the zircon (U-Th)/He ages, with an older age spectrum characterized by less 40 Ar diffusion at the highest elevations and younger age spectra characterized by more 40 Ar diffusion at lower elevations. Biotite 40 Ar/ 39 Ar ages from three transect samples do not exhibit significant variation with elevation, with an average ages across samples of 60.5 ± 0.3 Ma (Fig. 3A and SI Appendix, Tables S7 and S8 ).
The differences in age-elevation relationships for this suite of thermochronometers document the complete cooling history of their host pluton and record major changes in cooling rate since collision between India and Asia commenced. The dataset requires at least three transitions in cooling rate. Pluton emplacement at 67.7 ± 2.5 Ma occurred at a depth of 12.5 ± 1.7 km, as determined by secondary ion mass spectrometry (SIMS) zircon U-Pb geochronology and Al-in-hornblende geobarometry respectively (SI Appendix, Table S2 ). The emplacement time and depth are consistent with initially rapid followed by declining postemplacement cooling recorded by all of the biotite ages and the K-feldspar 40 Ar/ 39 Ar data from the highest-elevation sample, which shows little evidence of diffusive 40 Ar loss. The K-feldspar 40 Ar/ 39 Ar spectra from lower-elevation samples (SI Appendix, Fig. S3 ) and the zircon (U-Th)/He ages document a period of slow cooling through the Paleogene. This slow cooling was followed by a sharp increase in cooling rate in the Neogene, as evidenced by the increase in age-elevation slope between the apatite and zircon (U-Th)/He systems (Fig. 3A) . Finally, a sharp decrease in cooling rate of at least two orders of magnitude 
Thermokinematic Histories and Their Regional Significance
We constructed 3D thermokinematic models using the finiteelement code Pecube (20) to identify exhumation histories consistent with the observed suite of thermochronometric data (for details of modeling procedures, see SI Appendix). These models predict thermochronometric ages and account for both the effects of topography on the thermal structure of the crust and nonsteady geothermal gradients due to exhumation-driven heat advection. By confining the model domain to a 15 × 15-km region around the sample transect, we minimize uncertainties and complexities in boundary conditions associated with structures over longer lengthscales. Fig. 3 shows predicted ages (A) and the corresponding cooling paths (B) for geologic scenarios that successfully predict the entire dataset, minimizing the misfit between observed and predicted thermochronometric ages. We also consider geologic scenarios involving constant exhumation rates, and scenarios that are consistent with thermochronometric data from nearby regions including the internally drained portion of the Lhasa terrane (6), the eastern Himalayan syntaxis (21) , and the eastern Tibetan plateau (22) ; we find that these latter scenarios are excluded by our dataset for this portion of the eastern Lhasa terrane (SI Appendix, Figs. S4 and S5).
Thermal paths that minimize the misfit between observed and predicted ages for this suite of thermochronometers involve cooling/exhumation between 0.2 and 0.5 km/Ma in the Late Cretaceous-Paleocene until 50-45 Ma, very slow exhumation (<0.01 km/Ma) from 50-45 to ∼17-16 Ma, rapid exhumation in excess of 1.0 km/Ma beginning at 17-16 Ma, and then very slow exhumation (<0.01 km/Ma and <750 m total) from 12-11 Ma to the present (SI Appendix, Figs. S5-S8). These conclusions are insensitive to the initial geothermal gradient (SI Appendix). We note that a portion of the cooling before 50-45 Ma, which we model as surface denudation in Pecube, must instead be associated with cooling of the batholith after emplacement at 12.5 ± 1.7-km depth at 67.7 ± 2.5 Ma. We are unable to resolve whether local relief was at steady state, increased during rapid exhumation between 17-16 and 12-11 Ma, or decreased during slow exhumation since 12-11 Ma. Importantly, the thermal histories most consistent with the 4 He/ 3 He data exclude significant recent relief development (Fig. 2 F-J) , suggesting that the majority of the 1-2 km of relief in the eastern Lhasa terrane has persisted for ∼10 Ma.
Our thermochronometric data and modeling require two major changes in exhumation rate since the onset of India-Asia collision: a significant increase in exhumation rate at 17-16 Ma sustained for ∼5 Ma, followed by a significant slowing of exhumation since then. As our samples are in the hanging wall of the nearest major normal fault (Woka fault; Fig. 1A ), we cannot explain these large-magnitude changes in exhumation rate simply as changes in local tectonic exhumation. Further, published thermochronometric data throughout the externally drained portion of the eastern (5, 23, 24) and central (25) Lhasa terrane, as well as the northeastern Tethyan Himalaya (26, 27) , demonstrate that rapid exhumation rates (>1 km/Ma) were pervasive across the present day southern plateau between ∼20 and 10 Ma (see SI Appendix, Fig. S9 for sample locations). Notably, these exhumation rates are comparable to the more recent and currently active exhumation observed south of the present day topographic divide of the Himalaya (28). Our apatite 4 He/ 3 He data indicate that remarkably little exhumation has occurred in the Apatite (U-Th)/He Zircon (U-Th)/He K-feldspar 40 Ar, and biotite 40 Ar/ 39 Ar ages as a function of elevation. We plot the median and range of observed individual crystal ages and the modeled ages for each sample. Model ages in A correspond to cooling paths in B generated using the 3D thermo-kinematic finite element modeling code Pecube (20) . Geologic scenarios most consistent with the dataset are shown; other geologic scenarios are shown in SI Appendix, Fig.  S4 . Blue cooling paths are calculated for constant local relief; green paths include relief increase between 17-16 and 12-11 Ma; maroon paths include relief decrease since 11-12 Ma. We show cooling paths for the highest (MZ12, solid lines) and lowest (MZ07, dashed lines) elevation samples; cooling paths for all other samples would plot in between. The range of thermal paths modeled using a multiple diffusion domain (MDD) model for K-feldspars from MZ09 and MZ10 (SI Appendix, Fig. S3 ) is shown as a gray area in B. 4 He/ 3 He ratios as a function of cumulative 3 He released during stepwise degassing analysis of each sample. F-J show 2,000 randomly generated cooling paths and their level of agreement with the observed 4 He/ 3 He data. Colored cooling paths predict the observed (U-Th)/ He age within analytical uncertainty (1σ), whereas the gray paths do not. Green cooling paths are most consistent with the observed 4 He/ 3 He release spectra in the Left Panels; yellow and red cooling paths are progressively less consistent (for details, see SI Appendix). Black 4 He/ 3 He release spectra and cooling paths correspond to cooling paths shown in Fig. 3 that successfully predict the entire dataset. 4 He/
3
He data from MZ07, the lowest elevation sample, indicate significant parent nuclide zonation; these data are shown in SI Appendix, Fig. S2 and are discussed in greater detail in SI Appendix.
southern Tibetan plateau since ca. 10 Ma, with the exception of localized tectonic exhumation within north-south trending normal fault systems (29, 30). Although an overall slowdown in exhumation was expected from previously published data (23, 25) , the rapidity, magnitude, and duration of the decrease by 10 Ma required by our 4 He/ 3 He data have never before been documented and are not explicitly anticipated by existing models for the tectonic evolution of the southern Himalaya-Tibet orogen. The shutdown of erosion in southern Tibet since ∼10 Ma contrasts markedly with the exhumation histories in eastern and northern Tibet where significant increases in erosion rate since 10 Ma are documented (7) (8) (9) , suggesting that disparate mechanisms drove exhumation across different regions of the Tibetan plateau.
A Landscape Evolution Hypothesis for Southern Tibet
We hypothesize that these two substantial changes in exhumation rate are a consequence of changes in rock uplift within the Himalaya and southern Tibet. Specifically, we suggest that the timing and distribution of rock uplift caused changes in both drainage network organization and orographic precipitation at the southern margin of the orogen, such that the main topographic and drainage divides shifted from within the Lhasa terrane to their present southerly positions within the Himalaya by 10 Ma. Below we describe details of this hypothesis and evidence that supports it.
Given that exhumation is the difference between rock uplift and surface uplift, two previously proposed scenarios for the tectonic evolution of southern Tibet can be called on to explain the rapid exhumation rates between 17-16 and 12-11 Ma that we observe. Carbonate stable isotopes suggest that elevations of the southern Tibetan plateau at this time were similar to modern elevations (10, 11) ; this implies that rock uplift and exhumation were roughly balanced, and therefore that rock uplift rates also exceeded 1 km/Ma across the southern Tibetan plateau between 17-16 and 12-11 Ma. Simultaneous rapid rock uplift and exhumation may have been caused by renewed underthrusting of Greater Indian lithosphere following a slab break-off event thought to have occurred during the Early Miocene (25, 31) . However, initiation of rapid exhumation could also have lagged behind increased rock uplift rates, in which case surface elevations of the southern Tibetan plateau may have been significantly higher at the onset of rapid exhumation. The latter scenario is supported if rock uplift was associated with motion on the northdipping Gangdese Thrust system (23, 32) (Fig. 1A) , which is thought to have ceased by ∼23-18 Ma (32, 33). We cannot distinguish between these two mechanisms for rock uplift (renewed underthrusting and motion on the Gangdese thrust) on the basis of our data alone, but suggest that both could have contributed to the rock uplift that enabled the rapid exhumation recorded by our samples.
Regardless of the mechanism and timing of rapid rock uplift driving rapid exhumation between ∼17 and ∼11 Ma, it is important to recognize that erosion rates must have been fast at the time of rapid exhumation. Several aspects of the modern orogenic configuration-with the main topographic and drainage divides located within the Himalaya-would be prohibitive to such widespread rapid erosion. Although the Yarlung River drains >10 5 km 2 of the southern Tibetan plateau, its erosive capability upstream of the Namche Barwa massif is low (34), both because the Yarlung River currently has a relatively gentle channel slope (typically ∼0.1%) and because mean annual precipitation rates are <0.5 m/y and in many places <0.2 m/y across the drainage network (Fig. 1B) (35, 36) . This precipitation regime is strongly controlled by orographic precipitation across the southern side of the Himalaya (35, 37). Although the southern Tibetan plateau may have received more precipitation in the past due to millennial scale climate variability (38), overall arid conditions have likely persisted on million-year timescales in the lee of the Himalaya orographic barrier. And although a general relationship between precipitation and erosion rates has not been identified, a global compilation of cosmogenic nuclidederived erosion rates indicates that nowhere on Earth today do measured erosion rates equal or exceed 1.0 km/Ma where precipitation rates are <0.5 m/y (39) .
A northward position of the main topographic and drainage divides, on the other hand, would enable high erosion rates across the southern Tibetan plateau before ∼10 Ma. Rather than being routed hundreds of kilometers to the east through the eastern Himalayan syntaxis, drainage networks originating in the southern Lhasa terrane could have followed more direct, southerly paths across the Himalaya. These proposed transverse rivers would necessarily have steeper longitudinal profiles, perhaps comparable to modern rivers draining the high Himalaya, and thus much higher erosive capability than the current configuration draining into the Yarlung River (34). Transverse rivers would also be effective at steering precipitation farther northward toward the interior of the plateau, analogous to transport of moisture up the Siang River valley within the eastern syntaxis today (Fig. 1B) (35) . Additionally, a northward-shifted topographic divide may have resulted in a wetter precipitation regime in the southern Tibetan plateau, especially if there was a more gradual increase in elevation on the southern, windward side of the Himalaya at that time (37).
Although not explicitly considered in geologic studies of the Himalaya and sedimentary basins to the south, the pre-10-Ma drainage and topographic configuration we propose is consistent with observations from these regions. Steep transverse drainages originating within the Lhasa terrane would not only promote rapid erosion in southern Tibet but would also enable the welldocumented rapid exhumation of the Greater Himalaya Sequence in the Middle Miocene, which experienced coeval rapid rock uplift due to motion on the Main Central Thrust (MCT; Fig. 1A ) (40) (41) (42) (43) . Such a surface configuration would not necessarily imply low relief or low elevations across the Himalaya sequences before ∼10 Ma, because thrust faulting, crustal thickening, and exhumation within the Himalaya are well documented before and during this time (44, 45). Rather it suggests that the highest topography was located to the north within the Lhasa terrane, not unlike the modern orogen in which the highest deformation and exhumation rates are located south of the highest topography (28). Such a configuration would also have delivered material derived from the Lhasa terrane to the Himalayan foreland basin before ∼10 Ma, which sedimentary provenance studies document (13, 46) . This configuration does not preclude the existence of a paleo-Yarlung River draining from the Lhasa terrane to the Bengal or Central Myanmar basins through the eastern Himalayan syntaxis (14, 15) , but suggests that this river did not extend hundreds of kilometers to the west into the plateau interior.
The abrupt transition to extremely low exhumation rates ca. 10 Ma, and the persistence of low erosion rates since (Figs. 2 and  3) , cannot be explained solely by changes in rock uplift within the southern Tibetan plateau, as erosion rates take time to respond to changes in rock uplift rate. For example, a regional-scale transition from north-south shortening to east-west extension across southern Tibet around 10 Ma (30) was most likely accompanied by decrease in rock uplift; however, we would expect erosion rates to remain high despite these low rock uplift rates as rivers incised deeper and further headward into the high-elevation plateau interior. We hypothesize that this transition was instead forced by substantial rock uplift in the Himalaya related to midcrustal duplexing in the Lesser Himalaya Sequence (41, 47). Rock uplift due to duplexing fast enough to outpace the incision of transverse drainage networks would result in largescale drainage reorganization across the southern Tibetan plateau. Preexisting topography along the Indus-Yarlung Suture Zone (IYSZ; Fig. 1A) , associated with north-south extension in the latest Oligocene (31), may have been exploited during this drainage reorganization, routing rivers eastward and forcing them to combine with the Yarlung River and flow through the narrow eastern Himalayan syntaxis. Numerous geomorphic features, including the presence of barbed tributaries (SI Appendix, Fig.  S10E ), high elevation lakes (SI Appendix, Fig. S10F ), and indicators of decreased carrying capacity, such as hillslopes that are steep but whose toes are buried beneath their own debris (SI Appendix, Fig. S10G ) and anabranching, sediment choked rivers (SI Appendix, Fig. S10 B and E) suggest redirection of flow of major rivers draining the southern Tibetan plateau. Importantly, all of these features have been preserved due to slow erosion rates on the plateau since ∼10 Ma.
Two aspects of this proposed drainage reorganization would cause the observed shutdown of erosion in southern Tibet circa 10 Ma. First, the drainage network upstream of the eastern Himalayan syntaxis would significantly increase in length while draining a region at roughly the same elevations as before reorganization. As a result, channel slope and therefore stream power would transiently decrease in this upstream region. Simultaneously, this reorganization would have increased the drainage area upstream of the eastern Himalayan syntaxis; the resulting increase in stream power may have promoted the pulse of rapid exhumation from ∼10 to 6 Ma in the easternmost Himalaya (21) and enhanced the coupling between rapid rock uplift and erosion at the Namche Barwa massif (48). Second, precipitation would no longer be focused up transverse river valleys into the plateau interior. Because the orographic barrier to precipitation in southern Tibet strengthened as deformation to the south thickened and widened the Himalaya through the Middle Miocene, the steep drainages we envision would have provided the only channels for substantial moisture penetration to the north. Therefore, defeat of such transverse rivers would have cemented the orographic barrier and led to sustained aridification of the southern Tibetan plateau.
Rather than being transient, the low fluvial erosion rates that persist in the eastern Lhasa terrane have likely been sustained by the presence of a stationary, steepened reach or knickzone on the Yarlung River in the eastern Himalayan syntaxis. This knickzone results from coupling between focused rock uplift and rapid erosion within the syntaxis, creating a high-elevation base level for the drainage network upstream (49). On the basis of sediment fill immediately upstream of the knickzone, Wang et al. (50) call on knickzone generation at ∼2.5 Ma. However, we consider this as a minimum age because our thermochronometric data from much further upstream, as well as those of Zeitler et al. (21) , suggest a sustained high-elevation base level for the Yarlung River in the eastern syntaxis since ∼10 Ma. Persistence of this stationary knickzone also prevents precipitation within the Yarlung River valley from being transported further upstream (Fig. 1B) , maintaining arid conditions and low erosion rates in the plateau interior.
To illustrate how our postulated spatial and temporal changes in rock uplift rate would affect drainage networks, we performed numerical landscape evolution simulations with the model DAC (divide and capture) (51). These simulations are not designed to reproduce the details of the geology and geometry of the Himalaya-Tibet orogeny; instead, we use them as a conceptual tool to explore how broad rock uplift patterns can affect drainage networks. By incorporating (i) a numerical solution to the detachment-limited stream power model for fluvial erosion and (ii) an analytical solution for hillslope erosion processes on a dynamic, irregular grid, DAC is designed to efficiently simulate large-scale geomorphic processes (SI Appendix). Running DAC on a 400 × 200-km domain over 30 Ma, we first applied a constant rock uplift rate over a large region of the model, allowing the channel network to reach a steady state (Fig. 4 A and B) . We then applied a higher rock uplift rate in a focused band, as a simplified model of rapid rock uplift caused by duplexing in the Himalaya, to predict how the channel network would respond ( Fig. 4 C and D) . Rock uplift rates outpace river incision along this band, producing several features observed in southeastern Tibet, including (i) channel network defeat and consequent river diversion, (ii) high-elevation lake formation, and (iii) very slow erosion rates in the region immediately north of the band of focused rock uplift (Fig. 4D) . As a consequence of the very slow erosion rates and continued rock uplift, a high-elevation, lowrelief plateau forms in this region that is eventually incised by rivers along its sides (Fig. 4C ).
In concert with our thermochronometric observations, these simulations indicate that river diversion and consequent reduction of stream power and shutdown of erosion provides a plausible mechanism for sustaining, if not generating, the high elevations and relatively low relief topography of the externally drained southern Tibetan plateau. These results suggests that the southern margin of the Tibetan plateau has persisted not through an increase in rock uplift rate directly, but through a decrease in erosion rate. Further, plateau development in response to decreased erosion rates (Fig. 4) likely plays an important role in plateau generation in convergent orogens more generally, as previously suggested from mechanical numerical models (52, 53).
Ways Forward
Numerous areas of future research can test our ideas about landscape evolution across the southern Tibetan plateau. Although there is significant evidence for drainage reorganization within the southern Tibetan plateau, detailed geologic investigations of the geomorphology and fluvial deposits in intermontane basins north of the present day drainage divide can provide more concrete tests for whether transverse rivers existed before ∼10 Ma. Additionally, if transverse rivers dissected the southeastern Lhasa terrane before ∼10 Ma, there ought to be material derived from the Cenozoic Linzizong Group volcanics (the extrusive counterpart to the Gangdese batholith) and Paleozoic to Mesozoic marine strata from C A D B Fig. 4 . Conceptual landscape evolution model using the code DAC (51). The model is run over a 400 × 200-km domain for 30 My; two timesteps are shown here (for full model details, see SI Appendix). In all panels, the drainage network is colored according to drainage area. In the first time step shown (A and B), the region north of the white dashed line experiences a constant rock uplift rate of 1.5 km/Ma, whereas the region south experiences a rock uplift rate of 0.3 km/Ma. A shows elevation and B shows erosion rates at 6 My into the model run, as the channel network approaches a steadystate configuration. Then, at 15 My into the run, a band of faster rock uplift at 2.7 km/Ma is applied within white dashed oval in C and D. In the second time step shown at 19 My (C and D), erosion rates behind the band of high rock uplift rates decrease significantly (D), but because the rock uplift rate in this region is still positive surface uplift occurs and a broad low-relief, highelevation plateau develops (C). Within this plateau, we observe features similar to those observed in southeastern Tibet, including isolated lakes and unusual channel geometries. We also observe a river that begins to incise the plateau behind the band of high rock uplift rate, highlighted by the yellow box in C and D, which may be analogous to the Yarlung River.
the Lhasa terrane in Siwalik Group foreland basin deposits of that age, particularly in Bhutan and northeastern India. Last, the timing and severity of aridification and its relative influence on erosion rates in the southern Tibetan plateau is less clear and is not accounted for in our landscape evolution model. The role of precipitation can be explored with coupled climate and tectonomorphic models, as well as geologic studies of Miocene age sediments, to see whether independent evidence exists for the timing of aridification of the southern Tibetan plateau. 
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Movie S1. Numerical landscape evolution simulation using the code DAC (25) . This movie shows how elevations and drainage areas change during the prescribed changes in rock uplift discussed above. Three model time steps are shown in each second of the movie, such that each second corresponds to 0.6 Ma.
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Movie S2. Numerical landscape evolution simulation using the code DAC (25) . This movie shows how erosion rates and drainage areas change during the prescribed changes in rock uplift discussed above. Three model time steps are shown in each second of the movie, such that each second corresponds to 0.6 Ma.
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Supplementary Information

Materials and Methods:
Sample collection and preparation Bedrock samples of Gangdese batholith granites were collected along the elevation transect in 2012. Specific sample locations are provided in Table S1 . Apatite, zircon, biotite and K-feldspar crystals were separated from bedrock samples following standard crushing, sieving, magnetic, and heavy liquid mineral separation techniques at the Berkeley Geochronology Center (BGC).
Zircon SIMS U-Pb geochronology
SIMS Zircon 206 Pb/ 238 U ages (1) were measured for multiple grains for each of the six elevation transect samples (Table S2 ). Eleven dates from samples LB12-MZ07 (n=4), LB12-MZ08 (n=3) and LB12-MZ12 (n=4) yield a weighted mean age of 67.7 ± 2.5 Ma (2s; MSWD=0.78) which we interpret to date neoformed magmatic zircons and thus the time of emplacement. U-Pb ages for zircons from samples LB12-MZ07 and LB12-MZ09-11 yield largely Precambrian 207 Pb/ 206 Pb ages indicative of the presence of inherited Pb and were not included in the age calculation.
Thermobarometric Data
Magmatic zircons from sample LB12-MZ12 yield a Ti-in-zircon crystallization temperature (2) of 734 ± 20°C when corrected for a rutile activity estimated at ~0.6 in the ilmenite bearing assemblage (3). Hornblende from the same sample was analyzed with an electron probe micro-analyzer (EMPA) and yields a total Al content of 1.2 (based on 13 cations). When coupled with the measured crystallization temperature, this corresponds to an apparent pressure (4) of 3.6 ± 0.6 kbar or an emplacement depth at the top of the elevation transect of 12.5 ± 1.7 km (assuming a density of 2.85 g/cm 3 ). Apatite 4 He/ 3 He thermochronometry Measurements for apatite 4 He/ 3 He thermochronometry, including measurements of helium isotopes and parent U and Th isotopes, were made in the Noble Gas Thermochronometry Laboratory at BGC. In apatite 4 He/ 3 He thermochronometry, apatite crystals are irradiated with protons to produce a spatially uniform distribution of 3 He. Simultaneous measurement of the proton-induced 3 He and radiogenic 4 He during sequential degassing allows us to constrain the naturally occurring spatial distribution of 4 He (5, 6). Apatite crystals were loaded into Sn foil capsules within Teflon containers, which were then axially stacked in quartz tubes and bombarded with protons of ~220 MeV incident energy for ~5 hours at the Francis H. Burr Proton Therapy Center at Massachusetts General Hospital, Boston, MA (6); the total proton fluence during this irradiation was ~1×10 16 /cm 2 . Irradiated crystals with euhedral shapes, no visible fluid inclusions, and equivalent spherical radii of at least 50 µm (7) were photographed and measured using a Leica MZ16 stereomicroscope. Individual crystals were loaded into PtIr packets and sequentially heated under ultra-high vacuum using a feedback-controlled 70W diode laser. A calibrated optical pyrometer system was used to measure and control temperature. The gas released during each heating step was purified with a SAES GP-50 getter pump fitted with C-50 cartridge (St101 alloy); the remaining gas was then adsorbed onto activated charcoal in a temperature-controlled cryogenic trap at 11 K. Helium was released from the trap at 33 K, and the molar abundance of 3 He and the 4 He/ 3 He ratio of the gas released was measured using pulse-counting sector field mass spectrometry (MAP 215-50). Room-temperature analyses were made every sixth heating step in order to measure and correct for blank contributions to 3 He and 4 He measurements. Blank correction uncertainties are propagated into the ratio uncertainties reported in Table S3 .
Following step heating analyses of helium isotopes, we measured U and Th by either isotope dilution in cases where 4 He/ 3 He release spectra did not exhibit evidence for parent nuclide zonation, or laser-ablation mapping in cases where 4 He/ 3 He release spectra showed clear evidence for parent nuclide zonation. Indications of parent nuclide zonation include 4 He/ 3 He release spectra that are not permitted given the assumption of a uniform parent nuclide distribution (i.e. those that plot in the "forbidden zone"; 5), and "humped" 4 We standardized analyses by analyzing a spiked normal solution, which is a mixture of the same pipette volume of spike solution and a U, Th, and Sm normal solution of known concentration. Reproducibility of the spiked normal solution isotope ratio measurements is typically much better than 0.5% for each element. (U-Th)/He ages were calculated using blank corrected 4 He (summed over the all heating steps), 232 Th, and 238 U abundances. Raw ages were corrected for alpha ejection effects following methods described by Farley (8) for the case with no parent nuclide zonation. The analytical uncertainty of individual measurements of U, Th, and He is typically ± 2% (1 standard deviation) of the nominal concentration, which is typically less than the observed variance in crystal ages for a single sample.
At the time most of these measurements were made, we were not routinely analyzing 147 Sm, and therefore do not account for 4 He produced by α-decay of 147 Sm in our calculation of apatite (U-Th)/He ages. However, 147 Sm was measured in three crystals of sample LB12-MZ12 (aliquots U, V, and W) and included in the calculated (U-Th)/He ages. 147 Sm concentrations in these three aliquots range from 213 to 308 nmol/g, which result in (U-Th)/He ages 3-4% younger than those calculated solely from 232 Th and 238 U abundances. We conservatively estimate that by not including 147 Sm in other samples, we may have systematically overestimated apatite (U-Th)/He ages by not more than 5%. However, this uncertainty is also typically less than the observed variance in crystal ages for a single sample. Our interpretation of ages is therefore not limited by analytical precision or by the absence of Sm data, but by the variance in ages observed for each sample, which is ultimately due to unidentified causes.
We input the 4 He/ 3 He release spectrum, measured U and Th concentrations, grain size, and calculated age of each sample into a random search algorithm first described by Schildgen et al. (9) to assess which cooling paths are excluded by the data, and which are most consistent. All model thermal paths started at 40 Ma (> 2× the oldest apatite (U-Th)/He age) and 150 °C, and ended at the present-day temperature of 0 °C. 0 °C is within the range of modern mean annual temperature (MAT) expected for our samples based on the relationship between MAT and elevation determined by Quade et al. (10) for southern Tibet (0.1 to -9.0 °C). We acknowledge that this temperature may have differed in the past. Two-thousand cooling paths were randomly generated in each model; if a cooling path did not predict the observed (U-Th)/He age within analytical uncertainty, it was colored grey; if it did predict the observed age, it was colored red, yellow or green based on the misfit between the predicted and observed 4 He/ 3 He spectrum using a statistic M described by Schildgen et al. (9) (red, M ≥ 4; yellow, M < 4; green, M < 2).
For sample LB12-MZ07-A, in which we anticipated parent nuclide zonation, U and Th isotope measurements were obtained using an Analyte G2 laser attached to a Thermo Scientific Neptune Plus ICPMS at BGC. Following He isotope analysis, we mounted apatite crystals in epoxy with their c-axes parallel to the mount. The mounts were polished following procedures typical for electron microprobe work, and mapped on a grid of line-scans both parallel and perpendicular to the c-axis. Data for concentration maps were collected following the procedures of Farley et al. (11) . Each traverse began and ended in epoxy to ensure the entire grain was analyzed, and the Analyte G2 recorded precise x-y locations along each line-scan at 2-second increments. The laser was operated at 5 Hz with a spot diameter of 20 µm at 30-35% energy output, corresponding to fluences between 2.27 and 3.18 J/cm 2 . Line-scans were executed at a rate of approximately 1 µm/s.
Ablated material was analyzed for 238 U, 232 Th and 43 Ca using the Neptune Plus. We chose these isotopes to minimize interferences and maximize signal intensity for precise measurement on the axial Faraday collector. Preceding and succeeding the analysis of each grain, gas blanks were measured, averaged and subtracted from the data. These were generally less than 0.5 mV for each isotope. 43 Ca intensity from each scan was used to determine when the laser completely intersected the apatite, as indicated by a rapid rise and subsequent stabilization of the signal intensity. A rapid decrease in signal intensity was used to identify the opposite edge of each crystal. We computed the ratios 238 U/ 43 Ca and 232 Th/ 43 Ca from the blank-corrected signals for each cycle. Each cycle is offset from the previous cycle by a distance of 6.3 µm, based on the 1 µm/s traverse rate and a cycle time of 6.3s.
To obtain concentrations, we standardize in an equivalent manner to Farley et al. (11) by using a shard of Durango apatite as a concentration standard. We measured 238 U/ 43 Ca and 232 Th/ 43 Ca ratios across a 100-µm line scan before and after every sample at the same laser settings. The mean ratios for each line scan were converted to sensitivities by dividing them by known 238 U and 232 Th concentrations of 9 ppm and 190 ppm, respectively (11) . Because the goal is to obtain relative rather than absolute concentrations, minor concentration variations of the Durango apatite standard are not of concern. We then convert the individual ratios from the unknown line scans to concentration, and calculate eU, the effective uranium concentration that weights the decay of both U and Th for their alpha particle production rates (12) . This yields a series of concentration measurements across each sample. The locations of each ratio are determined by comparing the timestamps along each line scan, collected every 2s, and the timestamp of each individual ratio. To estimate the error associated with the U and Th concentration measurements for the unknowns, we calculate eU values for all cycles across each standard traverse. The typical variability is ~7% at the 1 sigma level, which we consider a reasonable error estimation.
The resulting grid of concentrations is then processed in MATLAB using an ordinary kriging algorithm with an exponential model. The initial range was set to 80,000 ppm, and the initial sill to 20 µm. The data are interpolated at a mesh size of 2 um x 2 um, and plotted as color ramp contour plots of eU. The kriging method uses a statistical model to determine the spatial autocorrelation between measured points and provides the weights as a function of distance for the unknown locations (Matheron, 1973) . In order to convert an eU concentration map into an eU zoning profile that can be used in 4 He production-diffusion models, we follow Farley et al. (11) , where the 2D eU concentration map is collapsed onto a single radial coordinate.
Apatite 4 He/ 3 He thermochronometry data are reported in Table S3 . Apatite 4 He/ 3 He analyses and thermal models for samples in addition to those shown in Fig. 2 are shown in Fig.  S1 . For apatite sample LB12-MZ07-A, laser ablation U-Th data are provided in Table S4 . The apatite 4 He/ 3 He data, eU contour map, and thermal models for sample LB12-MZ07-A are shown in Fig. S2 .
Because of the complex eU zonation observed in LB12-MZ07-A (specifically, the high eU band slightly above the center and the lack of high eU concentrations on the sides of the crystal in Fig. S2A) , the relationship between eU and radial distance is smoothed, such that values at the interior and exterior of the spherically equivalent grain are more similar than one would expect. This smoothing of the radial distance-eU relationship results in no acceptable fits between predicted 4 He/ 3 He release spectra and the release spectra observed for all cooling histories that correctly predict the sample age (Fig. S2C,D) . At present, our current modeling framework does not allow us to quantitatively handle a complex zonation pattern such as the one observed for LB12-MZ07-A, even when using 3D zonation models (13) . Instead, we used an artificial radial distance-eU relationship (Fig. S2E ) based on the observed eU zonation in the lower half of the crystal (Fig. S2A) to qualitatively test the prediction that the observed 4 He/ 3 He release spectra for this sample is consistent with rapid Middle Miocene cooling. Using this artificial zonation model, we find that thermal paths involving rapid Middle Miocene cooling indeed predict 4 He/ 3 He release spectra that best agree with the observed spectra (Fig. S2F,G) .
Apatite (U-Th)/He thermochronometry
For conventional apatite (U-Th)/He ages, individual apatite crystals were selected according to the same criteria for apatite 4 He/ 3 He thermochronometry, packaged into PtIr packets, and loaded into a 40 spot sample planchette along with an empty PtIr packet that serves as a hot blank and a packet containing a shard of Durango apatite as an internal consistency test. The packets were heated under static, ultra-high vacuum by laser heating for 6 minutes at 1050 ± 50 °C, with a coaxially aligned 810 nm wavelength diode laser in a feedback loop with a calibrated pyrometer. The extracted gas was spiked with an aliquot of pure 3 He and purified as described above for apatite 4 He/ 3 He thermochronometry. Helium was analyzed using a Pfeiffer Prisma quadrupole mass spectrometer QMS 200 operated under static vacuum in the Noble Gas Thermochronometry Lab at BGC. Helium blanks were determined by heating empty PtIr packets; blanks were typically < 5 × 10 -17 moles. To determine the 4 He/ 3 He ratio of the spiked gas, we monitored the signals of four masses and their evolutions with time during the quadrupole analysis. Mass 2 was measured to determine the abundance of H 2 , mass 3 was measured for 3 He + HD isobars, mass 4 was measured for 4 He and mass 5 was measured to estimate a background signal in the instrument detector. To determine the 3 He abundance, we subtracted from the mass 3 signal the product of the H 2 signal and the HD/H 2 ratio measured in absence of 3 He in the mass spectrometer. We calculated molar 4 He abundances by dividing the measured 4 He/ 3 He ratio by the 4 He/ 3 He ratio of a manometrically-calibrated standard gas aliquot, and multiplying by the independently known 4 He molar abundance in the standard gas. Standard gas aliquots were analyzed approximately every 10 analyses. To ensure complete extraction of radiogenic 4 He, each sample was sequentially reheated and analyzed using the same analytical procedure until the 4 He yield was less than 0.5% of the initially extracted gas.
Uranium and thorium isotopes were measured by the same isotope dilution procedures as for apatite 4 He/ 3 He thermochronometry as described above. Apatite (U-Th)/He analytical data are provided in Table S5 .
Zircon (U-Th)/He thermochronometry
For zircon (U-Th)/He analyses, we measured 4 He and 3 He in the Lehigh University Noble Gas Laboratory on a Balzers/Pfeiffer Prisma quadrupole mass spectrometer. We chose unbroken, euhedral crystals free of visible inclusions and measured crystal dimensions in order to correct for alpha particle ejection. Individual grains were sealed into Nb tubes and placed in labeled Nb carrier packets for identification after removal from the He extraction line. Packets were loaded in sets of 15 into a manual sample dropper along with a packaged Fish Canyon zircon standard. When possible, we ran samples in triplicate. The dropper was loaded onto the extraction line and brought to ultra-high vacuum using a turbomolecular pump coupled with a rotary backing pump. After baking the extraction line overnight, the extraction line was transitioned to a Varian ion pump for routine operation.
Sample packets were sequentially dropped into a double-vacuum resistance furnace and heated to 1350°C for 60 minutes. Following heating, sample gas was expanded into the extraction line and gettered using a SAES getter. A 3 He spike was added prior to expansion into the mass spectrometer. We measure 4 He both by isotope dilution with the 3 He spike and through a manometric calibration with a 4 He/ 3 He mass-discrimination standard measured throughout each dropper. Among the samples, measured 4 He agrees to within ~2% between these methods. Ages reported here are calculated using the manometric calibration. Masses 4, 3 and 2 were measured on the quadrupole over 3 minutes and time-zero values were determined by regression of the observed data. To ensure samples were fully outgassed, packets were reheated following the same procedures used for the initial analyses. Isotope measurements were corrected for line blank by heating an empty crucible following the same procedures outline above. Dynamic background was measured for each analysis prior to inlet of sample gas. Alpha-loss corrections were determined using an in-house Monte-Carlo modeling code that handles various grain geometries in 3D, using stopping distances reported in Ketcham et al. (14) . Final data reduction was spreadsheet-based and age calculations used the method of Meesters and Dunai (15). Zircon (U-Th)/He analytical data are provided in Table S6 .
Uranium and thorium isotope measurements were made using isotope-dilution analysis at both the BGC and in the Radiogenic Helium Dating Lab at the University of Arizona on the outgassed samples. Measurements made at the BGC were measured by the same isotope dilution procedures as for apatite 4 He/ 3 He and (U-Th)/He thermochronometry as described above. 40 Ar/ 39 Ar thermochronometry Standard K-feldspar and biotite 40 Ar/ 39 Ar step-heating analyses were conducted in the Lehigh University Noble Gas Laboratory. We selected grains of biotite and K-feldspar from a 250-425 micron sieve size fraction, avoiding those with visible inclusions. Chlorite was often present intermixed with biotite and was removed by gently crushing biotite separates using a mortar and pestle and sonifying the sample in water for 10 minutes, followed by hand-picking. We loaded 5-6 mg of biotite and ~32 mg of K-feldspar per sample into copper foil packets which were then vertically stacked in a quartz irradiation tube along with interspersed GA1550 biotite Supplement for Tremblay et al., "Erosion in southern Tibet shut down at ~10 Ma due to enhanced rock uplift within the Himalaya." flux monitor (age = 98.79 Ma) and K 2 SO 4 and CaF 2 salts to correct for nucleogenic interferences. The samples were irradiated at the McMaster University reactor over a cumulative 25 hour period. Following irradiation, sample packets were loaded into a glass sample holder affixed to an Ar extraction line and brought to vacuum by a turbomolecular pump coupled with a rotary backing pump.
Sample packets were dropped into a lined (biotite) or unlined (K-feldspar) crucible within a double-vacuum resistance furnace and heated following a 14-step (biotite) or 54-step (Kfeldspar) heating schedule (see Table S5 & S6). In order to assess the presence of fluid-inclusion hosted trapped Ar, K-feldspar heating schedules included isothermal duplicates in the lowtemperature steps. For each step, the extracted gas was purified with an SAES getter for 10 minutes. The gas was then measured by an Argus VI magnetic sector mass spectrometer equipped with five faraday cups. Masses 40, 39, 38, 37, and 36 were measured concurrently to enable calculation of the radiogenic 40 Ar component and correct for nucleogenic interferences ( 40 Ca, 42 Ca, 37 Cl, 40 K) on Ar isotopes. Line blanks were determined for each biotite sample at 600 °C, 800 °C, 1100 °C, and 1400 °C for 15 minutes and interpolating values for intermediate temperature steps. Blanks for K-feldspars were run at 500 °C (15.5 minutes), 800 °C (15.5 minutes), 1050 °C (15.5, 30.5 & 60.5 minutes), and 1450 °C (15.5 minutes). After the samples were analyzed, the furnace was calibrated to determine accurate crucible temperatures, resulting in a small correction of ~10 °C to programmed temperatures. Raw data was reduced using ArArCalc software (16) to regress to time-zero beams and to correct for blank, mass discrimination, nucleogenic interferences, and decay following irradiation. K-feldspar and biotite 40 Ar/ 39 Ar analytical data are provided in Table S7 and S8 respectively. K-feldspar age spectra for all samples (Fig. S3A ) are consistent with their elevation and our other mineral data. Spectra from samples LB12-MZ09 and LB12-MZ10 in particular display a significant excess argon component in early gas release likely related to fluid-inclusion hosted excess argon. All samples appear to melt at 20-50% cumulative 39 Ar release, indicating that these K-feldspars are particularly retentive. Because melting occurred so early in the gas release, it is not possible to gain information about larger diffusion domains that may be present in these Kfeldspars. Additionally, below 20% gas release, intermediate age maxima are present in all three samples, possibly related to minor recrystallization or post-closure fracturing of larger diffusion domains. These factors all limit the range over which the samples can be modeled for thermal history (see below).
Biotite sample LB12-MZ09 was well behaved, with an age of 60.15 Ma and having an MSWD (mean square of weighted deviates) of 1.92. Samples LB12-MZ10 and LB12-MZ12 were slightly discordant (ages of 60.53 and 60.73 Ma; MSWDs of 4.10 and 9.73 respectively). These biotites are highly radiogenic, making calculation of any trapped 40 Ar component by the inverse isochron method unreliable and inconsequential. In all cases, the inverse isochron and weighted plateau ages are statistically indistinguishable at two-sigma level. We therefore report weighted plateau ages.
The maximum ages for all three K-feldspar samples are similar, ~55 Ma, across 1.2 km of relief, but earlier in their spectra the K-feldspar samples show progressively younger ages. These data imply a scenario in which the higher-temperature thermochronometers (all biotites; largest domains in the K-feldspars) are recording initially rapid but then declining postemplacement cooling of the host granite following intrusion to moderate crustal depths and wall rock temperatures of roughly 250 °C to 350 °C.
Multiple diffusion domain (MDD) modeling
Thermal history information was extracted from the 40 Ar/ 39 Ar step-heating data using the multi-diffusion domain model (MDD; 17). Arrhenius plots are derived by plotting diffusion coefficients (calculated from inversion of the 39 Ar release function assuming a single diffusion length scale) against the inverse absolute temperature of laboratory heating. The diffusion domain parameters (activation energy, frequency factor, domain sizes and volume fractions) are obtained using a variational approach (18) which inverts both age spectrum and Arrhenius data. Thermal histories are obtained from the best fits arising from these simulations. Sample LB12-MZ12 released only ~20% 39 Ar at melting and thus was not a candidate for MDD modeling. However, portions of the release spectra for LB12-MZ09 and MZ10 fit well to the observed 40 Ar/ 39 Ar age spectra (Fig. S3B,C) and the modeled thermal histories for the range over which MDD modeling was permissible are shown in (Fig. S3D) .
Thermokinematic modeling
We used the 3D thermokinematic finite element code Pecube (19) to forward model thermochronometric ages from our elevation transect for different geologic scenarios. We modified version 3 of Pecube in the following ways for our modeling. First, we modified the calculation of apatite (U-Th)/He ages to include the radiation damage accumulation and annealing model (RDAAM) of Flowers et al. (20) . Second, we modified the diffusion kinetics parameters for the K-feldspar and biotite 40 Ar/ 39 Ar systems to those reported by Reiners and Brandon (21) . We made our model domain a 15 × 15 km area surrounding the elevation transect with a 50km thickness. We varied the temperature at the base of the model in order to simulate different background geothermal gradients while keeping the surface temperature constant and equal to 0 °C as described above for modeling of apatite 4 He/ 3 He data. We consider three specific basal temperatures here: 2000 °C, 1250 °C, and 500 °C, which correspond to initial geothermal gradients of 40 °C/km, 25 °C/km, and 10 °C/km respectively. We input the present-day topography for the model domain, and in scenarios for which we change the relief as a function of time, we apply an amplification factor to this topography at different timesteps. We change exhumation rate through time by putting a vertical fault on the eastern edge of our model domain and changing the velocity along the fault at different timesteps. Additional details about model parameterizations are provided in Table S9 .
We tested numerous geologic scenarios in our forward modeling approach. In Fig. S4 , we show some of the scenarios yielding poor fits to the observed thermochronometric data assuming a 2000 °C temperature at the base of our model. Geologic scenarios that poorly reproduce the observed thermochronometric dataset do so regardless of the basal temperature assumed. We considered scenarios involving constant exhumation and constant relief in order to demonstrate that changes in exhumation rate through time are required to explain our entire thermochronometric dataset. The brown cooling paths (E) and predicted data (A) in Fig. S4 correspond to a constant exhumation rate of 0.12 km/Ma. This constant exhumation scenario reproduces the observed apatite (U-Th)/He age-elevation relationship but clearly does not reproduce the observed ages for the other independent thermochronometric systems, especially the zircon (U-Th)/He ages. We also considered geologic scenarios based on the best fit published thermal histories for adjacent regions of the eastern Lhasa terrane and eastern Tibetan plateau. These are shown in Fig. S4 as follows: purple, exhumation history comparable to that modeled by Haider et al. (22) for the internally drained region northwest of our study area (B,F); red, exhumation history comparable to that modeled by Zeitler et al. (23) for the Lhasa terrane proximal to the Namche Barwa massif (C,G); and orange, exhumation history comparable to that modeled by Clark et al. (24) for incision into a relict landscape initiating in the Late Miocene after protracted erosion for the easternmost Tibetan plateau (D,H). All of these geologic scenarios yield poor fits to the observed thermochronometric data. Fig. S5 shows a reduced chisquared misfit statistic for the models shown in Figs. 3 and S6 calculated as follows:
where n is the number of ages measured not counting replicates, A p and A m are the predicted and measured ages, respectively, σ m is the measurement uncertainty (1 standard deviation of each sample's age population for a given thermochronometric system).
We then searched parameter space iteratively to find thermokinematic histories that minimized the misfit between the observed and predicted thermochronometric ages. Fig. S6 shows the models that best predict the observed thermochronometric data assuming a 1250 °C temperature at the base of our model. Fig. S7 shows the best fitting thermal histories and corresponding predicted thermochronometric ages for basal model temperature of 500 °C. Note that because the cooling histories between the different elevation samples become more similar as the background geothermal gradient decreases, we have increasing difficulty fitting the observed age-elevation relationship for the zircon (U-Th)/He system. Fig. S8 demonstrates this by showing the misfit statistic for the best fitting thermokinematic models as a function of model basal temperature. We did not explicitly explore scenarios in which the elevation transect we sampled has been tilted, such that the apparent vertical separation between samples observed today is different from the vertical separation during exhumation. In particular, if the transect is dipping to the north, the vertical separation between samples would have been greater in the past, and a more gradual background geothermal gradient would be needed to fit the observed ageelevation relationship for the zircon (U-Th)/He system.
Landscape evolution modeling
To illustrate the effects of spatial and temporal changes in rock uplift rate on erosion rates that we hypothesize in the main text, we performed landscape evolution simulations with the code Divide and Capture (DAC; 25). The goal of this modeling exercise is not to accurately simulate the tectonic history of the Himalaya, but rather to characterize features of the topography that may be indicative of rivers adjusting to changes in base level due to a regional uplift that blocks the course of the river. DAC was designed to accurately track the position of water divides and the occurrence of river capture events (25) .
In DAC, fluvial erosion is parameterized using the detachment-limited stream power model (26) :
where ė is the erosion rate at node i, K is the bedrock erodibility, A is the upstream drainage area (which is a proxy for discharge), z is elevation and x is position along the channel so that ∂z/∂x is the channel slope. The exponents m and n are positive numbers whose values are still debated; in our simulations, we assume m = 0.5 and n = 1 after Goren et al. (25) . Because the above form of the stream power model is written as a function of drainage area instead of discharge, the effect of precipitation is included in the bedrock erodibility term K. In our simulations we assume K is invariant in space and time and equal to 2x10 -6 yr -1 . This stream power model in DAC is solved using an irregular and dynamic grid that is implemented with a Delaunay tessellation. The network of higher order fluvial channels to which the stream power model is numerically applied is defined by a subset of the edges in the tessellation. Water divides are defined as points along each edge in the tessellation not defined by a channel. Low order fluvial channels and hillslopes are therefore located within the sub-grid topography. Hillslope erosion processes (either landsliding to produce a threshold topography above hillslope angles of 21º or linear diffusive processes at hillslope angles < 21º) apply within distance x c of the water divide; the stream power model is applied at distances > x c from the divide. In our simulations we assume x c = 700 m.
We simulated landscape evolution over 200 × 400 km, with boundary nodes held at 0 m. A total of 30 Ma of landscape evolution was simulated. During the first 15 Ma, the rock uplift rate function was defined across the domain by splitting the domain into 4 segments of size 200x100 km; the rock uplift rate within the southern segment was held at 0.3 km/Ma and the rock uplift rate across the northern three segments was held constant rate at 1.5 km/Ma. This can be seen in Fig. S11A . After 15 Ma, a region of enhanced rock uplift rate was imposed by adding an elongate Gaussian uplift function to the pre-existing rock uplift function centered at x = 100 km and y = 100km, as shown in Fig. S11B . The maximum rock uplift rate across this Gaussian uplift function was 2.7 km/Ma. The exact values of the parameters defining the spatial and temporal changes in rock uplift rate and the value of K are chosen to simulate the process of uplift in front of a pre-existing mountain range. By changing the maximum value of the Gaussian uplift, rivers can be defeated by the uplift and forced to flow around it, or can steepen and incise through the uplift. We have used DAC to highlight characteristics of a hypothetical landscape in which rivers are defeated by the uplift.
An additional complexity that we have not accounted for in our simulation is the possibility that growth of the Himalayan front generated an orographic barrier to precipitation in the Lhasa terrane. Therefore in our simulations the response time for the landscape to equilibrate is longer than if changes in precipitation were accounted for. We suggest that this is an excellent avenue for future modeling work in which climatic and erosion processes are modeled simultaneously. He release spectra and thermal paths correspond to the best fit cooling paths in Fig. 3 . Fig. S2 . Parent zonation and effects on apatite 4 He/ 3 He data for sample LB12-MZ07-A. (A) shows a contour map of effective uranium concentration (eU) in ppm for this apatite crystal, and (B) shows eU as a function radial distance for the spherical approximation of the map in (A). Note that eU concentrations in (B) do not capture the extremes in eU observed in the grain map (A). As a result, cooling paths generated by the inverse model (E) yield poor fits with the observed 4 He/ 3 He release spectra. In (E), we generated an artificial eU-radial distance profile based on the grain map in (A) that avoids the smoothing effects of the higheU band in the top half of the grain and the low eU edges. Cooling paths generated using this artificial profile (G) yield much better fits with the observed 4 He/ 3 He release spectra. Although qualitative, this demonstrates that the 4 He/ 3 He data for LB12-MZ07, our lowest elevation sample, are also consistent with rapid Middle Miocene exhumation followed by very slow exhumation to the present. 40 Ar/ 39 Ar age spectra from three elevation transect samples. The two lowest elevation samples show significant excess 40Ar in the intial release stages. Sample LB12-MZ12, from the peak, released only ~20% 39 Ar at melting and thus is not a candidate for multiple diffusion domain (MDD) modelling. However, portions of the release spectra for LB12-MZ09 and MZ10 fit well to the observed 40 Ar/ 39 Ar age spectra (shown in (B) and (C)) and the modeled thermal histories for the range over which MDD modeling was permissible are shown in (D). (25) in which the channel network has reached steady state. At these time steps rock uplift rate and erosion rate are equal; therefore the rock uplift rate distribution we impose can be visualized with the erosion rate distribution. In (A), and before 15 million years within the model, the rock uplift rate was held constant at 0.3 km/Ma in the southern quarter of the model while the rock uplift rate across the northern three quarters of the model was held constant at 1.5 km/Ma. In (B), and after 15 million years in the model, a region of enhanced rock uplift rate was imposed by adding an elongate Gaussian uplift function with a maximum of 2.7 km/Ma and centered at x = 100 km and y = 100km. 2 We used the GA1550 flux monitor (age = 98.790 ± 0.543 Ma) to calculate a J value of 0.00169000 ± 0.00001690. 3 2σ errors include uncertainty in J Table S9 . Pecube model parameters
